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is smaller than 1 nm have been little investigated due to the difficulty in achieving a very narrow distribution of cluster sizes and to the detection limit of traditional spectroscopic and microscopic techniques. Recent advances in aberration corrected scanning transmission electron microscopy (STEM) have allowed imaging with atomic resolution. Then, gold atoms in combination with gold clusters and nanoparticles have been detected on gold samples prepared by conventional synthesis procedures, [13] [14] [15] while direct evidence of isolated gold atoms in the absence of clusters or nanoparticles has been recently provided by Gates et al. 16, 17 A pronounced sensitivity to cluster size and charge state has been found when studying the interaction of small molecules with gold atoms and/or clusters, [18] [19] [20] [21] [22] as well as in chemical processes like CO oxidation, 13 propene epoxidation, 23 ethylene hydrogenation, 24 and iodobenzene dissociation. 25 While it appears that in order to control reactivity, the atomicity control of the gold clusters is crucial, the synthesis of size-selected metal clusters and their deposition over a solid support is a challenging task. 26 The wet-chemistry methods for preparing supported metal clusters involve the anchoring of well defined precursors to an adequate support, 27, 28 followed by removal of the ligands by post-synthesis treatments, trying to prevent cluster agglomeration during these steps. 9, [29] [30] [31] 32 Soft landing of monodisperse metal clusters grown in the gas phase and with precise size selection by mass spectrometry is a more straightforward method, but it requires sophisticated equipment, and the scaling up of the process is a major drawback. 20, 23, 33 In this work, isolated gold atoms in the absence of gold clusters and/or nanoparticles have been synthesized by a very easy, reproducible and environmental friendly process, and their performance in the aerobic oxidation of thiophenol with O 2 has been investigated. The isolated gold atoms initially present in the as-prepared catalyst aggregate into gold clusters of different atomicity under reaction conditions. It is clearly shown that, while the activity of single isolated gold atoms and of gold nanoparticles is negligible, atomic aggregates with 5 to 10 atoms either generated under reaction conditions or synthesized separately and deposited on functionalized MWCNTs
give turnover frequencies (TOF) as high as 7*10 5 h -1 , which are of the same order of magnitude than those found with sulfhydryl oxidase enzymes. 34, 35 These clusters finally aggregate into larger and not active nanoparticles. The reaction mechanism has been theoretically studied and it is shown that isolated gold atoms cannot activate O 2 , while small gold clusters are excellent catalysts for O 2 activation and formation of disulfide.
Results and discussion
Catalyst synthesis and characterization. Isolated gold atoms supported on functionalized multiwalled carbon nanotubes (MWCNTs) have been synthesized by controlling the pH value of the medium, the concentration of the HAuCl 4 precursor, and by introducing sodium citrate that acts as reducing agent and stabilizer, as described in detail in Supplementary Section 1. Cs-corrected high resolution STEM analysis confirms the presence of isolated gold atoms. Figure 1a shows a bright field (BF-STEM) image of sample A containing 0.1wt% gold which does not allow to clearly visualize gold atoms supported on the MWCNTs. However, the high-angle annular dark field STEM (HAADF-STEM) image shown in Fig. 1b clearly evidences the presence of isolated atoms (monomers and some dimers), that appear as white dots which correspond to a high Z element and not to defects or carbon atoms (see Supplementary   Fig. S2 and S3).
The chemical nature of these isolated atoms has been investigated by X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS).
According to XAS measurements, isolated gold atoms are mostly present as cationic Figure 1c ). Nonetheless, the first peak in the FT of the EXAFS signal appears at slightly lower interatomic distance than the first peak of the reference Au complex due to the different overall nature of the gold ligands (Figure 1d ). The coexistence of small gold clusters or other multimetallic complexes cannot be disentangled from the XAS data due to both the intrinsic limitation of the technique and the insufficient data quality for EXAFS quantitative analysis. Although the small peaks at 2.3 and 2.7 Å in Figure 1d could indicate the presence of such small gold clusters, they could also be arising from Most importantly is the fact that when sample B, which mainly contains gold clusters with 4-13 atoms, is used as the initial catalyst with fresh feed, no induction period is observed (see Fig. 2b ), and the TOF calculated from the slope of conversion versus time, and considering that all atoms in the sample are active, is 0.8*10 5 h -1 .
Meanwhile when catalyst C, which contains ~75% of gold in the form of nanoparticles and ~20% as clusters with 4-13 atoms, is used as fresh catalyst, no induction period is observed, but the calculated TOF decreases to 0.2*10 5 h -1 . At last, when sample D mainly containing gold nanoparticles with diameter ≥2 nm is used as fresh catalyst, no activity is observed. The above results clearly suggest that neither isolated gold atoms nor nanoparticles, but gold clusters with 4-13 atoms are the active species for the oxidation of thiophenol.
To double check this conclusion, isolated gold clusters with 3, 5-7 and 7-10 atoms were prepared separately and deposited on functionalized MWCNTs following the procedure described in Methods and in Supplementary Information. The resultant materials were used as catalysts for thiophenol oxidation, and the results shown in Fig Theoretical study of the reaction mechanism. As described above, the isolated gold species initially present in the catalyst are cationic Au I centres coordinated to hydroxyl and carboxy groups from DCA (structure 1 in Fig. 6a and S21 ), in agreement with previous studies showing that O 2 is activated by small gold clusters with an even number of electrons. 18 Co-adsorption of thiophenol and O 2 is always energetically favorable, and in some cases a synergistic effect leading to a higher degree of O 2 activation is observed. The origin of this behaviour lies on the atomic composition of the molecular orbitals of these small clusters (see Fig. 6a ) that consist of several lobes localized on the low coordinated Au atoms and fully accessible to interaction with O 2 . This allows a net transfer of electron density from gold to the * OO molecular orbital of O 2 , leading to its activation.
As shown in Fig. 6b After H 2 O 2 desorption, the two thiolate fragments that remain adsorbed on the Au 5 cluster (structure 12 in Figure 6b ) are nearly neutral, bearing each one a net negative charge of -0.05 e and, unlike in Au(S-Ph) 2 system 6, the HOMO of structure 12
is not only localized on the S atoms but it also involves important contributions from the phenyl rings and the Au atoms (Figure 6c ). Therefore, there is not electrostatic repulsion between the two S atoms, and the S-S bond can be formed via transition state TS13, with the process involving also an important rearrangement of the gold cluster geometry. The intrinsic activation energy obtained for this elementary step is 142 kJ/mol, but the high exothermicity of all previous adsorption steps makes the global process energetically accessible. Thus, the main difference between isolated Au I species and Au n clusters is the ability of the last ones to transfer electrons from thiolate fragments to O 2 , making possible the formation of the S-S bond, as it happens with sulfhydryl oxidase enzymes.
A decrease in the activity for disulfide formation with larger particles is experimentally observed, together with a poisoning of the gold nanoparticles with thiolate groups. This is explained by the lower concentration of active Au atoms accessible to reactants as particles grow, and by the strong Au-S interaction, that leads to formation of very stable linear RS-Au-SR units or "staple" motifs and passivation of the gold NP surface (see Fig. 6d ).
39,40

Conclusions
We have succeeded in preparing single isolated gold atoms on MWCNTs, and have 
Methods
Synthesis. Au/MWCNTs material was synthesized with some modifications of the general procedure reported in ref. 41 and described in detail in Supplementary Section 1.
Isolated gold clusters with 3, 5-7 and 7-10 atoms were synthesized using modifications of the electrochemical method previously reported for nanoparticles 42 and described in detail in Supplementary Section 8. Once synthesized, the gold clusters were supported by a wet impregnation procedure on carbon nanotubes which had been previously wrapped with the polyelectrolyte polyallylamine hydrochloride (PAH). A 0,015wt% gold loading was used. The atomicity of the gold clusters was checked by UV/Vis, photoluminescence emission and mass spectroscopy as described in Supplementary Section 8. Catalytic Experiments. The catalytic experiments were carried out at 25ºC and 5bar O 2 using a glass reactor equipped with a manometer and a micro-sampling system which allows extracting reaction samples at regular reaction times. Reaction samples were analyzed by gas chromatography using a HP-5 capillary column (5% phenyl, 30m x 0.25m) and products identified by GC-MS, using a Fison GC 8000 gas chromatograph equipped with DB5 capillary column with a mass spectrometry detector (Fisons MD 800 quadrupole detector). Under typical reaction conditions 1mmol thiophenol, 20µL dodecane as internal standard, 1.2 mL dry toluene and 4mg of catalyst were charged into the reactor that was purged with oxygen three times and then pressurized with 5 bar of O 2 . Upon stopping the reaction, the reactor was degassed slowly and the catalyst separated by centrifugation. For catalyst reuse, the reaction was stopped at specific times and the catalyst removed from the liquid by centrifugation. These catalyst samples were used to carry out a new reaction under the same initial conditions.
HR-STEM.
Control experiments were done in absence of O 2 . Working at 5bar of N 2 no catalytic activity was obtained, evidencing that O 2 is required for catalytic performance. On the other hand, leaching of gold ions form the catalyst toward the reaction solution was tested by filtering the catalysts from the solution and following the activity of the liquid.
No catalytic activity was detected in absence of the catalyst, and therefore any contribution of homogeneous catalysis can be neglected.
Calculation of turnover frequencies. Turnover frequencies (TOF) were calculated by dividing initial reaction rates (measured in molecules of disulfide formed per hour) by the number of active gold atoms in the catalyst. It was initially assumed that all gold atoms in the size selected clusters with 3, 5-7 and 7-10 gold atoms and in samples B and C are active. Then, a second value was calculated for samples B and C assuming that only the gold atoms in clusters containing from 5 to 10 atoms are active, as described in the main text.
Computational details. DFT calculations were performed using the hybrid B3LYP 43, 44 functional as implemented in the Gaussian03 computer program. 45 The standard 6-311G(d,p) basis set was used for S, C, O, H and Na atoms, 46, 47 are net atomic charges, in units of e. In structure 6, q T is the total charge on each of the two fragments framed by dotted lines. TS8 is a transition state structure. Atomic distribution of the highest occupied molecular orbitals (HOMOs) of selected structures is also depicted. 
Graphical Abstract
Gold clusters with 5 to 10 atoms supported on MWCNTs are as active as enzymes in the oxidation of thiphenol to dislfide with O 2 . A combination of theory and experiment shows that isolated gold atoms cannot activate reactants, while larger gold nanoparticles become passivated by too strong thiolate adsorption.
